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Abstract
Pitx1 is a bicoid-related homeodomain factor that exhibits preferential expression in the developing hindlimb, mandible, pituitary gland and
teeth. Pitx1 gene-deleted mice exhibit striking abnormalities in morphogenesis and growth of both hindlimb and mandible, suggesting a
proliferative defect in these two structures. Here, we studied the expression and regulation of Pitx1 in both mandible and developing teeth and
analyzed tooth morphology, cell proliferation, apoptosis and expression of Pitx2, Barx1 and Tbx1 in dental tissues of Pitx1−/− mouse embryos.
Pitx1 expression is restricted to the epithelium of the growing tooth anlagen. Tissue recombination and bead implantation experiments
demonstrated that bone morphogenetic protein-4 down-regulates Pitx1 expression in both mandibular mesenchyme and dental epithelium.
Deletion of the Pitx1 locus results in micrognathia and abnormal morphology of the mandibular molars. Although Pitx2 expression in teeth of
Pitx1−/− embryos is not altered, expression of Barx1 decreased in the mesenchyme of the mandibular molars. Furthermore, Pitx1 deletion
results in suppression of Tbx1 expression in dental epithelium. Taken together, these results indicate that independent genetic pathways in
mandibular and maxillary processes determine tooth development and morphology.
© 2007 Elsevier Inc. All rights reserved.Keywords: Pitx1; Transcription factors; Tooth; Mandible; Mouse; Barx1Introduction
Teeth are organs that develop as a result of sequential and
reciprocal interactions between the oral ectoderm and neural
crest-derived mesenchyme. Epithelial-derived ameloblasts syn-
thesize the organic components of the enamel and mesenchyme-
derived odontoblasts secrete the matrix of dentin (Ruch, 1987).
During recent years, considerable progress has been made in
the molecular basis underlying epithelial–mesenchymal inter-
actions during the different stages of mouse tooth development
(for reviews, see Mitsiadis, 2001; Tucker and Sharpe, 2004).
Functional analyses of transcription regulators (i.e. Msx1, Pax9,
Pitx2, Dlx1 and Dlx2) have shown drastic effects on tooth dev-
elopment, including tooth abnormalities and/or agenesis in both⁎ Corresponding author. Fax: +41 4463 43362.
E-mail address: thimios.mitsiadis@zzmk.uzh.ch (T.A. Mitsiadis).
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doi:10.1016/j.ydbio.2007.10.055mice and humans. Signaling molecules such as bone morpho-
genetic proteins (BMPs) and fibroblast growth factors (FGFs)
are capable to induce specific gene expression inmandibular and
tooth explants in vitro and affect tooth development in vivo (for
reviews, see Mitsiadis, 2001; Tucker and Sharpe, 2004).
Although progress has been made in understanding the
establishment of different tooth shapes in mice (i.e. incisors and
molars), little is known about the molecular mechanisms that
are involved in distinctions between teeth of the maxilla and
mandible. Teeth of mandibular origin (lower teeth) are histo-
logically and morphologically identical to teeth of maxillary
origin (upper teeth), although their developmental pathways are
different. The maxillary teeth are composed of elements derived
from midbrain and forebrain neural crest, while the mandibular
teeth receive neural crest cells derived from hindbrain (rhom-
bomeres 1 and 2) and midbrain (Cobourne and Mitsiadis, 2006;
Imai et al., 1996; Osumi-Yamashita et al., 1994; Trainor and Tam,
1995). Few transcription factors are differentially expressed in
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of expression indicates that they play a formative role in
maxillary and mandibular tooth specification (for reviews see
Mitsiadis, 2001; Tucker and Sharpe, 2004). Dlx genes in
particular seem important for the morphogenesis of proximal
jaw hard tissues and most specifically distinguish the upper
from the lower jaw structures. In Dlx1/Dlx2 double mutants,
maxilla development is affected and maxillary molars, but not
mandibular molars, failed to develop (Qiu et al., 1997). Dlx5
and Dlx6 are expressed in proximal mandibular mesenchyme
in domains similar to Dlx1 and Dlx2, but these two genes are
not expressed in maxillary mesenchyme (Zhao et al., 2000).
The fact that the Dlx genes are differentially expressed in the
maxillary and mandibular processes indicates a basic genetic
difference between upper and lower molar specification. Pitx1
is another candidate gene for controlling mandibular/maxillary
tooth identity. Pitx1 is a member of the novel bicoid-related
family of homeoproteins that exert critical regulatory roles
during development. It has been shown that Pitx1 is expressed
in the proximal mesenchyme of the developing mandible,
hindlimb, oral epithelium, developing teeth and pituitary gland
(Lamonerie et al., 1996; Szeto et al., 1996; Lanctôt et al.,
1997; Shang et al., 1997). In Pitx1 mice mutants the shape
and growth of both hindlimb and mandible were severely
affected (Lanctôt et al., 1999) while tooth development
proceeds normally at least until E14.5 (Lanctôt et al., 1999;
Szeto et al., 1999). The related gene products, Pitx2 and Pitx3,
have similar transcription properties, but their expression
patterns and developmental roles are different. PITX2 is
responsible for the Rieger syndrome in humans (Semina et al.,
1996), an autosomal dominant disease characterized by
anterior chamber ocular abnormalities, dental hypoplasia
and/or agenesis and mild craniofacial dysmorphism. Pitx2 is
specifically expressed in dental epithelium (Mucchielli et al.,
1997; Mitsiadis et al., 1998), and deletion of the Pitx2 locus in
mice results in loss of all dental structures (Lin et al., 1999; Lu
et al., 1999). Pitx3 is expressed in the eye lens, and mutations
in the human PITX3 gene lead to cataracts and anterior
segment mesenchymal dysgenesis (Semina et al., 1998; Rieger
et al., 2001).
In this paper, we investigate the expression and function of
Pitx1 in tooth development and we report evidence that Pitx1
exerts critical roles in mandibular tooth morphogenesis. We
also exploited the ability of epithelial–mesenchymal interac-
tions to regulate Pitx1 expression in mandibular and dental
explants in vitro.
Materials and methods
Animals and tissue preparation
Swiss mouse embryos from embryonic day 9.5 (E9.5) to postnatal day one
(P1) were used for in situ hybridization, tissue recombination and bead
implantation experiments. E9.5, E10.5, E11.5, E12.5 and E17.5 wild-type, Pitx1
+/− and Pitx1−/− mouse embryos were hybrid Sv129xBalb/c of the first three
generations of crossing with Balb/c mice (Lanctôt et al., 1999). The age of the
mouse embryos was determined according to the appearance of the vaginal plug
(day 0) and confirmed by morphological criteria. Animals were killed by
cervical dislocation and the embryos were surgically removed in Dulbecco'sphosphate-buffered saline (PBS). Dissected heads were fixed overnight at 4 °C
in 4% paraformaldehyde (PFA).
Probes and in situ hybridization
Digoxigenin and fluorescein-labeled (Boehringer Mannheim) antisense
riboprobes for Pitx1 (Lanctôt et al., 1997) and Pitx2 (Mucchielli et al., 1997)
and digoxigenin-labeled probes for Barx1 (Mucchielli et al., 1997), Tbx1
(Zoupa et al., 2006) and Bmp4 (Mitsiadis et al., 2003) were used. Whole-mount
in situ hybridization on explants and in situ hybridization on sections were
performed as previously described (Mitsiadis et al., 2003).
Proteins and bead preparation
Recombinant BMP4 protein (Genetics Institute, USA) was used to load
beads (100–200 mesh/100–200 μm diameter; Sigma). The protein was diluted
with 0.1% bovine serum albumin (BSA) in PBS to concentrations of 200 μg/ml.
As a control, we used beads loaded with 0.1% BSA in PBS.
Mandibular and dental explants, tissue recombination and bead
implantation experiments
For tissue recombination and bead implantation experiments, E9.5–E10
mandibles and E13 and E14 lower first molars were used.Mousemandibles were
dissected in Dulbecco's PBS from the rest of the heads of E9.5–E10 embryos and
placed into a solution of Dulbecco's modified Eagle medium (DMEM; Gibco).
For tissue recombination experiments, the mandibles were carefully dissected in
four different pieces: two pieces representing the proximal parts of the mandible
(where molars will develop) and two pieces representing the distal parts of the
mandible (where incisors will grow). The explants were incubated 5 min in
2.25% trypsin/0.75% pancreatin on ice. Epithelial andmesenchymal tissues were
separated in DMEM supplemented with 15% fetal calf serum (FCS; Gibco).
Isolated mesenchymal tissues were transferred with a mouth-controlled pipette
on pieces of Nuclepore filters (pore size, 0.1 μm) supported by metal grids
(Trowell-type), and thereafter isolated epithelia were placed in contact to the
mesenchymal tissues. The recombinants were both homotopic (epithelium and
mesenchyme from the samemandibular region) and heterotopic (epithelium from
a different region than the mesenchyme) and cultured for 20 h in DMEM
supplemented with 15% FCS and 20 U/ml penicillin/streptomycin in a
humidified atmosphere of 5% CO2 in air, at 37 °C. For bead implantation
experiments in mandible, BMP4 beads were transferred on top of E9.5–E10
entire mandibles or the proximal parts of the mandible, and the explants were
cultured for 20 h. For experiments in dental tissues, E13–E14 molar tooth germs
were carefully dissected from the rest of the mandible and incubated for 3 min in
2.25% trypsin and 0.75% pancreatin on ice. Dental epithelia were mechanically
separated from mesenchyme in DMEM supplemented with 15% FCS. Isolated
epithelia were placed on top of isolated mesenchymes. Beads were then
transferred on top of dental epithelia and thereafter the cultured for 20 h. After
culture, explants were fixed in 4% PFA overnight at 4 °C, washed in PBS and
finally stored in MeOH at −20 °C until analysis by whole-mount in situ
hybridization (for details, see Mitsiadis et al., 2003).
Analysis of apoptosis
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling-
TUNEL (in situ cell death detection kit) was used to investigate apoptotic DNA
fragmentation. Briefly, after proteinase K pre-treatment (20 μg/ml at 37 °C for
30 min), 3% hydrogen peroxide was applied to the slides to avoid endogenous
peroxidase reaction. Slides were then incubated with terminal deoxyribonucleo-
tide transferase at 37 °C for 1 h. Anti-digoxigenin antibody conjugated with
horseradish peroxidase was applied and 3,3′-diaminobenzidine (DAB; Sigma-
Aldrich) was used to visualize apoptotic DNA strand breaks (brown color).
Sections were counterstained with hematoxylin. A positive control of TUNEL
labeling was prepared using Nuclease (R&D Systems) treatment (5 μg/ml at
37 °C for 30 min). As a negative control, the terminal transferase was omitted
from the labeling procedure (label solution only instead of TUNEL reaction
mixture).
Fig. 1. Expression of Pitx1 in the developing mandible and teeth of mouse
embryos. (A) Frontal view. Whole-mount in situ hybridization showing strong
Pitx1 mRNA expression (red color) in the mandibular mesenchyme (proximal
domain of the mandible) and oral epithelium (middle area) of an E9.5 mouse
embryo. (B) Pitx1 expression in the mandibular mesenchyme and the whole oral
epithelium of an E10 mouse embryo. (C–F) Epithelial Pitx1 expression in the
dental placode (C) and during the bud (D), cap (E) and early bell (F) stages of
tooth development. Note the absence of Pitx1 transcripts from the enamel knot
(red arrow) at the cap stage (E). (G) Restricted Pitx1 expression in proliferating
cells of the inner dental epithelium (intercuspal and cervical loop areas). (H)
Expression of Pitx1 in the developing root epithelium (Hertwig's epithelium).
Abbreviations: b, tooth bud; cl, cervical loop; ek, enamel knot; eo, enamel
organ; f, dental follicle; He, Hertwig's root sheath; ide, inner dental epithelium;
m, mesenchyme; md, mandibular process; mx, maxillary process; n, nose; oe,
oral epithelium; p, dental papilla; pt, pituitary; sr, stellate reticulum. Scale bars,
200 μm.
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Proliferating cells were detected using the Proliferating Cell Nuclear
Antigen (PCNA). PCNA expression varies according to phases in the cell cycle:
there is no expression in the G0-phase, a faint expression in the early G1-phase,
a clear expression in the late G1- and early S-phases, a very strong expression in
the late S-phase and a faint expression in the G2- and M-phases (Kelman, 1997).
Immunohistochemistry was carried out essentially according to the manufac-
turer's instructions (Roche), using the anti-PCNA rabbit polyclonal antibody
(1:200; Santa Cruz Biotechnology). Biotinylated secondary antibody against
rabbit IgG (1:200) was applied and detected by means of a Vectastain ABC kit
(Vector) and DAB. The small intestine of mouse was used as a positive control.
Negative control was obtained by omitting the primary antibody.
Results
Pitx1 expression in the developing mandible and teeth
To better understand the effects of Pitx1 deletion on
mandibular and tooth development, we first studied the
expression patterns of Pitx1 in these structures during
embryonic and early postnatal development (E9.5 to P1).
Whole-mount in situ hybridization showed that in E9.5 mouse
embryos Pitx1 was strongly expressed in the proximal
mesenchyme of the developing mandible, while a less strong
expression was observed in the distal part of the oral epithelium
where incisors will develop (Fig. 1A). At E10, the strong Pitx1
expression persisted in the mandibular mesenchyme, whereas
expression increased and extended to the totality of the oral
epithelium (Fig. 1B). No hybridization signal was detected with
sense probes at this or subsequent developmental stages (data
not shown).
We then followed the expression of the Pitx1 gene in
sections of E11.5 embryos to P1 pups. In the developing teeth,
Pitx1 mRNAwas detected in the epithelium from E11.5, when
the oral epithelium thickens and the dental placodes are visible
(Fig. 1C). Epithelial Pitx1 expression persisted during all the
stages of embryonic tooth development (Figs. 1D–G). During
the bud (Fig. 1D) and cap (Fig. 1E) stages of development,
Pitx1 transcripts were observed in all cell layers of the dental
epithelium, with the exception of the enamel knot (Fig. 1E,
arrow). At the early bell stage (E16.5), only cells of the inner
and outer dental (or enamel) epithelium were expressing Pitx1
(Fig. 1F). At E18.5, expression was even more restricted to
undifferentiated cells of the inner dental epithelium at the
intercuspal and cervical loop areas (Fig. 1G). By P1, Pitx1
transcripts were detected in epithelial cells of the developing
root (Hertwig's epithelium) (Fig. 1H).
Comparison of Pitx1 and Pitx2 expression during advanced
tooth morphogenesis
Because Pitx2 is closely related to Pitx1 and expressed
exclusively in the epithelium of the developing teeth
(Mucchielli et al., 1997; Mitsiadis et al., 1998), we compared
the expression of both genes in serially sectioned teeth of
postnatal day one (P1) mouse pups. At P1, cytodifferentiation
has started in the first molars, which have now reached the
late bell stage. Cells of the inner dental (or enamel) epitheliumlocated at the tip of the cusps are differentiating into
ameloblasts. Ameloblast differentiation coincided with
down-regulation of both Pitx1 (Figs. 2A, C) and Pitx2
expression (Figs. 2B, D). However, Pitx1 expression persisted
in cells of the inner dental epithelium located at the
intercuspal folds and in the cervical loop (Fig. 2A), while
Pitx2 expression was restricted to cells of the cervical loop
area (Fig. 2B). By contrast, intense Pitx2 expression was
observed in cells of the stratum intermedium located at the
intercuspal folds and outer dental epithelium (2B, D), while
Pitx1 was not expressed in these cell layers (Figs. 2A, C).
Development of the second molar is delayed. Pitx1 was
strongly expressed only in cells of the inner dental epithelium
of the second molar anlagen (Fig. 2E), whereas Pitx2
expression was down-regulated from differentiating cells of
the inner dental epithelium but persisted in stratum inter-
medium and outer dental epithelium (Fig. 2F). These results
indicate that a close interaction between Pitx1 and Pitx2
exists during ameloblast differentiation.
Fig. 2. Comparison of Pitx1 and Pitx2 expression in teeth of newborn mice. In situ hybridizations using digoxigenin-labeled Pitx1 (A, C, E) and Pitx2 (B, D, F)
probes. (A, B) Longitudinal serial sections through the first molar showing Pitx1 expression in cells of the inner enamel epithelium located in the intercuspal and
cervical loop areas, as well as in the Hertwig's epithelium (A), and Pitx2 expression in cells of the inner enamel epithelium located only in the cervical loop area,
stratum intermedium, stellate reticulum and outer enamel epithelium (B). (C, D) Coronal serial sections through the crown of the first molar (red dotted line in panel A)
showing down-regulation of Pitx1 expression in the crown area (C) and Pitx2 expression in stratum intermedium, stellate reticulum and outer enamel epithelium (D).
(E, F) Frontal serial sections through the second molar showing restricted expression of Pitx1 in the inner enamel epithelium (E) and Pitx2 expression in cells of the
cervical loop area of the inner enamel epithelium, stratum intermedium and outer enamel epithelium (F). Abbreviations: c1, first cusp; c2, second cusp; c3, third cusp;
cl, cervical loop; He, Hertwig's epithelium; iee, inner enamel epithelium; oee, outer enamel epithelium; p, dental pulp; si, stratum intermedium; sr, stellate reticulum.
Scale bars, 200 μm.
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In order to determine the influence of epithelial signals on
Pitx1 expression in mandibular mesenchyme (Fig. 3A), tissue
recombination and bead implantation experiments were per-
formed. Recombination of proximal Pitx1-positive mesench-
yme with proximal epithelium at E10 maintained strong Pitx1
expression in mesenchyme (Fig. 3B). Recombination of distal
Pitx1-negative mesenchyme with proximal (presumptive
molar) epithelium stimulated expression of Pitx1 in mesench-
yme (Fig. 3B), while recombinations of the proximal Pitx1-
positive mesenchyme with distal (presumptive incisor) epithe-
lium resulted in a loss of Pitx1 expression (Fig. 3B). Thus, at
E10, Pitx1 expression is influenced by the overlying epithelium,
where proximal epithelium can instruct underlying mesench-
yme to express Pitx1. Such instructive signals are not present in
distal epithelium. At E10, expression of Bmp4 is restricted to
the distal part of the oral epithelium (StAmand et al., 2000; Fig.
3A), thus suggesting that BMP4 may be responsible for Pitx1
down-regulation in distal mandibular mesenchyme. To test the
inhibitory role of BMP4 on Pitx1 expression, we implantedBMP4-soaked beads to the E10 explants of either the entire
mandible (Fig. 3C) or the proximal mandibular part (Fig. 3D).
In these explants, Pitx1 expression was inhibited in mesench-
ymal cells next to the BMP4 beads (Figs. 3C, D).
At the cap stage (E14), the dental epithelium gives rise to the
enamel organ. Pitx1 and Bmp4 expression was examined by in
situ hybridization using digoxigenin-labeled probes on cryosec-
tions. Pitx1 expression was excluded from the enamel knot
(Fig. 4A), a source of BMP4 (Fig. 4B). Therefore, we asked
whether BMP4 is also the factor responsible for restriction of
Pitx1 expression in tooth epithelium. BMP4-soaked beads
were implanted in E13–E14 dental explants. BSA-soaked beads
were used as a control. Similarly to the mandibular explants,
Pitx1 transcripts were absent from epithelial cells surrounding
the BMP4 beads in dental explants (Figs. 4C, D).
Tooth morphology, cell proliferation and apoptosis in dental
tissues of Pitx1 mutants
The mesenchymal expression pattern of Pitx1 in the jaw
suggests that this transcription factor has an important role in
Fig. 3. Regulation of Pitx1 expression in the mandible. Whole-mount in situ hybridizations using either digoxigenin-labeled (violet color) or fluorescein-labeled (red
color) probes for Pitx1 (A-D) and Pitx2 (D). (A) Pitx1 expression is strongly expressed in the E9.5 mandibular mesenchyme where molars will develop. The schema
illustrates the expression patterns of the BMP4 (green color) and FGF8 (blue color) signaling molecules in E9.5–E10 oral epithelium, when compared with Pitx1
expression (violet color) in mesenchyme. (B) Double whole-mount in situ hybridization showing expression of Pitx1 (red color) and Pitx2 (violet color) following
epithelial/mesenchymal recombination at E10: (1) proximal epithelium recombined with proximal mesenchyme, (2) proximal epithelium recombined with distal
mesenchyme, (3) distal epithelium recombined with proximal mesenchyme. (C) Oral view of E9.5 mouse mandibles cultured with BMP4 and BSA soaked beads.
BMP4 inhibited Pitx1 expression in the mesenchyme. (D) Mouse mandibular explant (distal part) cultured in vitro in presence of a BMP4 bead. Pitx1 transcripts are
not detected in mesenchymal cells surrounding the BMP4 bead. Abbreviations: b, bead; ep, epithelium; i, incisor; m, molar; mes, mesenchyme; md, mandible; pt,
pituitary.
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mutations, after deletion of the homeodomain-coding exon 2
of the mouse Pitx1 gene, showed that the mandibles of E17.5
Pitx1−/− mouse embryos were significantly shorter than in
wild-type embryos (Lanctôt et al., 1997).
At E17.5, the first molar is at the bell stage and epithelial
cells (inner enamel epithelium) facing the dental papilla
mesenchyme differentiate into pre-ameloblasts. Frontal sections
through the head of Pitx1 mutants revealed that the morphology
of the mandibular first molars was altered. While two cusps
were observed after hematoxylin–eosin staining on sections ofmaxillary first molars (Fig. 5A), the presence of only one cusp
was evidenced in sections of mandibular first molars (Fig. 5B).
Because tooth morphogenesis results from a tight balance
between cell proliferation and apoptosis, we would like to know
if these two events were abnormal in dental tissues of Pitx1
mutants. Despite the changes observed in the morphology of the
mandibular molars, neither cell proliferation (Figs. 5C, D) nor
apoptosis (Figs. 5E, F) was considerably altered in the
mandibular molar tooth germs of the E17.5 Pitx1 null embryos.
In the mandibular and maxillary molars, proliferating cells were
located mainly in the dental papilla mesenchyme and in the
Fig. 4. Regulation of Pitx1 expression by BMP4 in the dental epithelium. In situ
hybridizations on cryosections (A, B) and whole-mount in situ hybridizations
(C, D) using digoxigenin-labeled probes. (A) Frontal section shows Pitx1
expression in the epithelium of an E14 molar. The gene is not expressed in the
enamel knot (ek). (B) Bmp4 expression in the enamel knot of an E14 molar. (C,
D) Beads loaded with BMP4 were cultured together with E13 (C) and E14 (D)
dental explants (dental epithelia on top of dental mesenchyme) for 20 h. Pitx1
transcripts (violet color) are not detected in epithelial cells surrounding the
BMP4 beads (red arrowheads) but were present in epithelial cells near the
control BSA bead (green arrowhead, C). Additional abbreviations: eo, enamel
organ; m, dental mesenchyme; oe, oral epithelium; te, tooth explant. Scale bars,
200 μm.
Fig. 5. Tooth morphology and cell proliferation and apoptosis in dental tissues of
Pitx1−/− mouse embryos. Frontal sections through the head of an E17.5 Pitx1
mutant. (A) Hematoxylin and eosin staining shows a normal morphology of the
maxillary first molar and the presence of two cusps. (B) The abnormal
morphology of the mandibular first molar (presence of only one cusp) is evident
after hematoxylin and eosin staining. (C, D) PCNA staining in the developing
maxillary (C) and mandibular (D) first molars is localized in cells of the outer
enamel epithelium (oee), stratum intermedium (si), stellate reticulum (sr), pre-
ameloblasts (pa) and dental papilla (p), while it is absent in the secondary enamel
knots (red arrows). (E, F) Apoptosis (arrows) in the developing maxillary (E)
and mandibular (F) first molars. Few apoptotic cells are detected in the sr, while
increased apoptosis is observed in the alveolar bone (ab) of the mandible (F)
when compared with the alveolar bone of the maxilla (E). (G, H) Higher
magnifications of the maxillary (G) and mandibular (H) alveolar bone showing
increased apoptosis in the mandible. Additional abbreviation: oe, oral epi-
thelium. Scale bars, 200 μm.
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cells were scarcely observed in the vestibular part of the enamel
organ adjacent to the outer enamel epithelium, in cells of the
stellate reticulum located close to the oral epithelium and among
cells of the enamel epithelium of both maxillary and mandibular
first molars of the E17.5 Pitx1−/−mouse embryos (Figs. 5E, F).
Few apoptotic cells were detected in the maxillary alveolar bone
(Fig. 5G), while increased apoptosis was seen in the mandibular
alveolar bone (Fig. 5H). There was no staining detected in
control sections (data not shown).
Pitx2, Barx1 and Tbx1 expression in Pitx1 mutants
To check if Pitx1 deletion had an inhibitory effect on Pitx2
expression in tooth epithelium (Figs. 6A, B), we studied the
expression of Pitx2 in Pitx1−/− mice. No alterations in the
Pitx2 expression pattern were observed in the developing
molars of E17.5 mutants (Figs. 6C, D and 7A–D). Down-
regulation of Pitx2 expression at the tip of the cusps coincided
with pre-ameloblast differentiation (Figs. 6C and 7B, D). Pitx2
was strongly expressed in the epithelium of the second molar
anlagen (Figs. 7A, C, D). The strong expression of Pitx2 in
dental epithelium facilitates morphological analysis of teeth in
mutants. It is evident from sections through the anterior–
posterior axis of E17.5 jaws that the mandibular molars are
shorter when compared with the maxillary molars (Fig. 7A). A
fusion of the first and second mandibular molars was also
observed (Fig. 7D), probably due to the significant develop-mental delay of the second mandibular molar—judging from
the cap configuration of its epithelium (Fig. 7D).
Because maxillary molars develop normally, defects of
mandibular molars in mutants are unlikely to be caused by
absence ofPitx1 expression in dental epithelium. Given thatPitx1
is expressed in the mesenchyme of the proximal regions of the
mandible (presumptive molar mesenchyme) during tooth initia-
tion (E10–E12), we wished to know the eventual effect of Pitx1
Fig. 6. Expression patterns of Pitx2 and Barx1 in the developing molars of wild-
type and Pitx1 null mouse embryos. Frontal sections through the heads of E17.5
mouse embryos. (A, B) Double in situ hybridization showing expression of
Pitx2 (red color) in dental epithelium and Barx1 (violet color) in dental
mesenchyme of both maxillary (A) and mandibular (B) first molars of a wild-
type (wt) mouse embryo. (C) Pitx2 expression in the developing maxillary first
molar of the Pitx1−/−mutants is localized in cells of the outer enamel epithelium
(oee), stratum intermedium (si) and stellate reticulum (sr), while it is absent in
pre-ameloblasts (pa). (B) Pitx2 expression in the developing mandibular first
molar of the mutants is detected in cells of the oee, si, sr and pa. (C) Barx1
expression in the developing maxillary first molar is localized in the
mesenchyme of the dental papilla (p) in the Pitx1−/− mouse embryos. (D)
Weak Barx1 hybridization signal in the dental papilla mesenchyme of the
developing mandibular first molar of the of the Pitx1 mutants. Additional
abbreviations: dental follicle (df); eo, enamel organ; oe, oral epithelium; t,
tongue. Scale bar, 200 μm.
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To investigate this, we used the expression pattern of a marker
gene of the molar mesenchyme. The homeobox gene Barx1 is
expressed in the proximal mesenchyme of the maxillary and
mandibular processes where molars will develop, and later
expression becomes restricted specifically to the mesenchyme of
molars (Figs. 6A, B; Mitsiadis et al., 1998). Expression of
Barx1 was decreased in the mesenchyme of the mandibular
molars compared with maxillary molars, as shown by in situ
hybridization of sectioned E17.5 Pitx1−/− embryos (Figs. 6E, F
and 7E–H). However, Barx1 expression was not completely
abolished. Expression of Barx1 was not altered in mandibular
molars of heterozygous mice.We then wish to know if down-regulation of Barx1
expression occurs from the earliest stages of tooth development.
Expression of Barx1 was diminished in the mandibular
mesenchyme of the E10.5 Pitx1−/− mice (Figs. 8A–D), while
Barx1 expression was clearly down-regulated in the mandibular
mesenchyme of the molar region in E12.5 Pitx1−/− mice (Figs.
8E–H). Hence, Pitx1 may contribute to the control of Barx1
expression. It has been suggested that a population of Pitx1-
expressing mesenchyme promotes a Pitx1-dependent morpho-
genesis program, modulating growth and exerting specific
effects on bone morphology (DeLaurier et al., 2006). A similar
Pitx1-dependent program could also exist during odontogen-
esis, thus specifying tooth morphology.
Previous studies have shown that expression of Tbx4, a
member of the T-box family of genes, decreases in the hindlimb
of Pitx1mutant mice (Lanctôt et al., 1999; Szeto et al., 1999). In
addition, Pitx1 misexpression induced Tbx4 expression in the
chick forelimb (Szeto et al., 1999; Logan and Tabin, 1999), thus
showing that a close link exists between genes of the Pitx and
Tbx families. Tbx1 is expressed in the developing teeth
(Zoupa et al., 2006; Mitsiadis et al., unpublished results) and
seems to play an important role in tissue specification and
morphogenesis. We wished then to know if Pitx1 deletion could
affect Tbx1 expression in dental tissues. In situ hybridization in
sections of E17.5 wild-type and Pitx+/− mouse embryos
showed that Tbx1 expression was restricted to cells of the
inner dental epithelium (Fig. 9A and data not shown). By
contrast, the Tbx1 gene was absent in teeth of E17.5 Pitx1 null
mutants (Fig. 9B).
Discussion
Transcription factors and secreted signaling molecules are
involved in mammalian teeth development, which implies a
series of interactions between oral epithelial cells and neural
crest-derived mesenchymal cells (Mitsiadis, 2001; Tucker and
Sharpe, 2004). During the initiation of tooth formation, several
transcription factors such as Islet1, Lef1 and Pitx2 are expressed
in epithelium together with the signaling molecules BMP4,
FGF8 and sonic hedgehog (Shh), while other transcription
factors such as Pax9, Dlx1, Msx1 and Barx1 are expressed in
mesenchyme (for reviews, see Mitsiadis, 2001; Tucker and
Sharpe, 2004). The bicoid-related gene Pitx1 is initially
expressed in the proximal mesenchyme of the developing
mandible where molars will develop, while during odontogen-
esis Pitx1 is exclusively expressed in dental epithelium. The
expression of Pitx1 in both mandibular mesenchyme and dental
epithelium is regulated by epithelium-derived signals, and more
precisely by BMP4. BMP4 exerts two different functions during
the early steps of odontogenesis: Initially, it is responsible for
tooth type specification and positioning and thereafter acts as an
activator of genes that are important for further tooth
development (e.g. Msx1,Msx2 and Lef1). Tissue recombination
and bead implantation experiments demonstrated that BMP4
down-regulates Pitx1 expression in E9–E10 mandibular
mesenchyme (our results and StAmand et al., 2000). In
addition, local application of BMP4 inhibits epithelial Pitx1
Fig. 7. Patterns of Pitx2 and Barx1 expression in dental tissues of Pitx1−/− mouse embryos during the bell stage of molar morphogenesis. Longitudinal sections
through the head of an E17.5 Pitx1 mutant. (A) Pitx2 expression is localized in the epithelium of the developing first and second molars. Note that the intensity of the
hybridization signal is identical for teeth of the mandible (md) and the maxilla (mx). (B, C, D) Higher magnifications of panel A, showing the detailed expression
pattern of Pitx2 in the first maxillary molar (B), second maxillary molar (C) and the first and second mandibular molars (D). Pitx2 mRNA is down-regulated in pre-
ameloblasts (pa), while is strongly expressed in the epithelium of the second molars. It is noteworthy that the maxillary molars are bigger in size than the mandibular
molars (compare panels B and C with panel D). Also note the epithelial fusion between the first and second mandibular molars (D). (E) Barx1 expression is localized in
the mesenchyme of the developing first and second molars. The intensity of the hybridization signal is not identical for teeth of the mandible and the maxilla. (F–H)
Higher magnifications of panel E, showing in detail the expression pattern of Barx1 in the first (F) and second (G) maxillary molars and the first and second
mandibular molars (H). Barx1 transcripts are expressed in the mesenchyme of the first maxillary molar (F), while a stronger signal is seen in the second maxillary
molar (G). Note that hybridization signal is dramatically decreased in mesenchyme of both first and second mandibular molars (H). Additional abbreviations: eo,
enamel organ; m1, first molar; m2, second molar; oc, oral cavity; oe, oral epithelium; p, dental papilla. Scale bars, 200 μm.
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situation, where Pitx1 expression is absent in the enamel knot, a
region of Bmp4 expression. Taken together, these results show
that BMP4 plays a role in restricting Pitx1 expression in both
mandibular mesenchyme and tooth epithelium.
Expression of Pitx1 in mandibular mesenchyme precedes
tooth initiation, suggesting that Pitx1 is required for proper
mandible development. Indeed, previous studies have shown
that Pitx1 mutations severely affect the length, width and
overall structure of components that correspond to the proximal
part of the mandibular bone (Lanctôt et al., 1999; Szeto et al.,
1999). However, the spatial relationships between most of the
structures of the mandible are apparently normally maintained,
and molar development proceeds normally at least until E14.5
in Pitx1−/− mice (Lanctôt et al., 1999). The present study
shows that although development of incisors and maxillary
molars progress normally in Pitx1 mutants, development of
mandibular molars is altered at more advanced developmental
stages (E17.5), indicating that early expression of Pitx1 in
mesenchyme is also required for correct mandibular molar
morphogenesis and growth. Mandibular molars are smaller and
fusions are observed between first and second molars, most
probably because of the delayed development of the second
molars. The number of cusps is also reduced in mandibular first
molars of Pitx1 mutants. A possible explanation of the
morphological change in the Pitx1−/− mandibular molars is
the shortening of the proximal mandible, having as a
consequence the narrowing of the field where molars develop.
Disruption in expansion and growth of the molar primordia
could reflect an altered patterning, resulting in a new shape and
size of the mandibular teeth in the knockout jaw. It has been
suggested that Pitx1 mutations affect mandibular structures
whose function has changed during transition from a reptilian toa mammalian jaw (Lanctôt et al., 1999). These structures
correspond to the proximal part of the mandible, where molars
grow, suggesting that molars could adopt an ancestral morphol-
ogy in Pitx1 mutants. The shape of organs results from a tight
balance between cell proliferation and apoptosis. Cell prolifera-
tion defects have been reported in organs of Pitx1−/− mice
(Lanctôt et al., 1999; Szeto et al., 1999), thus suggesting that
Pitx1 may exert a patterning function mediating epithelial
cell proliferation in teeth. This is emphasized by the absence
of Pitx1 expression in the enamel knot, a non-proliferating
region of the developing tooth. However, despite the altered
tooth morphology, neither cell proliferation nor apoptosis
was considerably altered in the mandibular molar germs of
the Pitx1 null embryos.
The presence of Pitx1 appears to be required for a
transcriptional program responsible for the characteristic
growth and morphology of teeth. The molecular mechanisms
controlling tooth shape are still not well known but, based on
the restricted expression domains of signaling molecules and
homeobox genes in the neural crest cell-derived mesenchyme of
the maxillary and mandibular processes, a new “co-operative
genetic interaction” model has been proposed (Mitsiadis and
Smith, 2006). The organization of the maxillary and mandibular
dentition exhibits an intriguing mirror image patterning (i.e.
incisors/distal, molars/proximal) in mice. Although the denti-
tions of maxilla and mandible present striking similarities, this
does not necessarily mean that identical genetic pathways
operate in both. Mutations in Lef1, Msx1, Pitx2 and Pax9 result
in developmental arrest of all teeth, indicating that these genes
participate in processes common to development of all teeth
(Mitsiadis, 2001; Tucker and Sharpe, 2004). In contrast, the
failure of maxillary molar development in double mutants that
lack both Dlx1 and Dlx2 (Dlx1/2) genes suggests a specific role
Fig. 8. Alteration of Barx1 expression in the mandibular process of E10.5 to
E12.5 Pitx1−/−mouse embryos. Lateral (A, B, E, F) and frontal (C, D) views of
embryonic mouse heads showing Barx1 expression in wild-type (A, C, E) and
Pitx1−/− (B, D, F) mouse embryos. (B, D) Barx1 expression is not significantly
down-regulated in mandibles of E10.5 Pitx1−/− mouse embryos. (F) Down-
regulation of Barx1 expression in the jaw of E12.5 Pitx1 null mouse embryos.
(G) Expression of Barx1 in the molar region of the jaw of E12.5 mouse embryos.
(H) Down-regulation of Barx1 expression in the jaw of E12.5 Pitx1−/− mouse
embryos. Abbreviation: e, eye; md, mandibular process; mx, maxillary process;
n, nose; t, tongue; wt, wild type.
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mesenchyme (Qiu et al., 1997). In the Pitx1 mutants, it is likely
that a major aspect of the mandibular molar phenotype reflects
the synergistic interactions between Pitx1 and other transcrip-Fig. 9. Patterns of Tbx1 expression in maxillary first molars of wild-type and
Pitx1−/− mouse embryos. Frontal sections through the heads of E17.5 mouse
embryos. (A) Tbx1 expression in inner dental epithelium of a molar in an E17.5
wild-type (wt) mouse embryo. (B) The Tbx1 gene is down-regulated in a molar
of an E17.5 Pitx1−/− mouse embryo. Abbreviations: eo, enamel organ; ide,
inner dental epithelium; p, dental papilla. Scale bar, 200 μm.tion factors (Szeto et al., 1996; Tremblay et al., 1998). Any
potential early roles of Pitx1 for tooth development may be
redundant with those of Pitx2, as this the case for limb
development (Crawford et al., 1997; Marcil et al., 2003). Pitx1
may alter sensitivity to signaling factors such as FGF8, BMP4
and Shh in embryonic tissues (Treier et al., 1998). Thus, Pitx1
could alter expression of, or response to, transcription and
signaling factors thereby exerting its effects on tooth growth and
morphology. A part of the genetic code controlling tooth
development was shown to be unaltered in Pitx1-deleted mice:
No effects were observed on expression of genes including
Fgf8, Bmp4, Shh, Msx1 and Msx2 (StAmand et al., 2000). By
contrast, epithelial Tbx1 expression, which partly overlaps with
that of Pitx1 (Zoupa et al., 2006), was completely suppressed in
teeth of E17.5 Pitx1−/− mutants. A similar effect of Pitx1
deletion was previously observed in hindlimb, where expres-
sion of Tbx4, another member of the Tbx family of genes, was
significantly reduced (Lanctôt et al., 1999; Szeto et al., 1999).
We also investigated the potential role of Pitx1 in specification
of a sub-population of neural crest-derived mesenchymal cells
using the Barx1 gene as a marker. It has been suggested that
Barx1 may be involved in determining proximal identity in
maxillary and mandibular processes (Tissier-Seta et al., 1995;
Mitsiadis et al., 1998). In developing wild-type embryos, Barx1
expression in mesenchyme of the proximal parts of the
maxillary and mandibular processes is becoming progressively
confined to the mesenchyme of molars (Tissier-Seta et al., 1995;
Mucchielli et al., 1997; Mitsiadis et al., 1998). In Pitx1mutants,
Barx1 expression was normal in the mesenchyme of maxillary
molars, while expression was diminished in the mesenchyme of
the mandibular molars. Thus, the odontogenic specification of
neural crest-derived mesenchymal cells may be partly con-
trolled by Pitx1 in the mandibular molar region.
In conclusion, the present results indicate that the genetic
program regulating morphogenesis of the maxillary and
mandibular teeth diverge. In the mandibular process, Pitx1
appears to be under control of BMP4 and contributing with
the downstream Barx1 in mandibular tooth morphology
(Fig. 10).Fig. 10. Schematic representation of a model illustrating the genetic interactions
of Pitx1 in both mandibular mesenchyme (left side) and dental epithelium (right
side). Epithelial Bmp4 is responsible for inactivation of Pitx1 expression in the
mesenchyme of the distal forming part of the mandibular process (E10). Pitx1
up-regulates Barx1 expression in the mandibular mesenchyme. In the
developing tooth (E13–E14), Bmp4 down-regulates Pitx1 expression in the
enamel knot, whereas Pitx1 activates Tbx1 expression in dental epithelium.
Green and blue colors represent the incisor and molar territories respectively of
the oral epithelium. Abbreviations: ep, epithelium; mes, mesenchyme.
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